ABSTRACT Over the course of a bloom, the quantity and quality of algae available for copepods to eat may vary dramahcally The effects of varying phytoplankton concentration and quality on fecal pellet produchon rates and fecal pellet charactenstics of the calanoid copepod Acartia tonsa were examined in the laboratory Bloom conditions were siinulated by feeding copepods cells of the diatom Thalassioslra weissflogii grown in batch cultures Experiments were run when algae were rapidly growing (early bloom) and when algae were in stationary growth phase (late bloom) at concentrations ranging from 0 to 3200 cells ml-' Daily pellet production rates and volume, density, and carbon and nitrogen content of pellets were measured Results show that for a given algal growth stage pellet production rate and pellet volume increase linearly w~t h cell concentration up to a crit~cal point beyond whlch no further increases in these parameters occur In general, (1) maximum pellet volumes were higher when copepods ate late-bloom cells, (2) pellet densities were higher when copepods ate early-bloom cells and (3) volume-specific pellet carbon was higher when copepods ate early-bloom cells Sinking rates of pellets were estlrnated from an empincal model based on pellet volume and density Sinking rates of pellets were lowest at low concentralons (200 cells ml-l) concentrahons of early-bloom cells Sinking rates were highest at high concentrations (2000 cells ml-l) of early-bloom cells S i n l n g rates of fecal pellets were relatively high regardless of food concentration when copepods ate late-bloom cells Daily volume-speclfic fecal matter produced per copepod was also calculated Maxlmum values of total fecal matter index were h~g h e r when copepods ate early-bloom cells Our results indicate that copepod fecal pellets change in a predictable manner over the course of a bloom We conclude that copepod fecal pellets may play different roles in recychng and vertically transporting carbon over the course of a phytoplankton bloom
INTRODUCTION
The sinking flux of copepod fecal pellets may be a significant fraction of export production (Turner & Ferrante 1979 , Small et al. 1987 , Noji 1991 . However, the magnitude of this flux may vary seasonally depending, among other factors, on the amount and type of food available for copepods to eat. Factors which contribute to whether fecal pellets will be a part of the export flux include pellet production rates, decomposition rates 'Addressee for correspondence O 
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Resale of full article not permitted and sinking rates. Pellet production rate is influenced by ingestion rates and assimilation efficiency (Paffenhofer & Knowles 1979 , Angel 1984 , Ayukai & Nishizawa 1986 . Pellet decomposition rate varies with water temperature, and microbial and metazoan activity (Honjo & Roman 1978 , Turner 1979 , Jacobsen & Azam 1984 , Lampitt et al. 1990 , Roy & Poulet 1990 . Sinking rate may be the most important parameter contributing to whether or not a pellet successfully transports its contents to deeper water before it is degraded. A slowly sinking pellet is more likely to decompose and become part of the recycled materials before it exits the euphotic zone (Dagg & Walser 1986 , Small et al. 1987 . Factors which contribute to the sinking velocity include size, density and shape (Fowler & Small 1972 , Turner 1977 , Small et al. 1979 , Komar et al. 1981 . Turbulence in the water column and the presence or absence of a peritrophic membrane and microbial gas production inside the pentrophic membrane might also affect a pellet's sinking rate (Honjo & Roman 1978 , Alldredge et al. 1987 , Bathmann et al. 1987 .
Experimental measurements (Turner 1977 , Small et al. 1979 ) and mathematical modeling (Komar et al. 1981) indicate that a pellet's sinking rate increases as pellet size increases. A positive relationship has also been noted between copepod size and pellet size suggesting that larger copepods produce larger fecal pellets (Paffenhofer & Knowles 1979 , Small et al. 1987 . The composition of the pellets might also affect the density, size, and sinking rate (Bienfang 1980 , Urban et al. 1993 .
Because pellets may provide a portion of the nutrient requirements for bacteria as well as for protozoans and metazoans in the water column and in the benthos, their composition is of great interest. Fecal pellets may provide an important source of organic carbon, nitrogen and silica to the benthos (Schrader 1971 , Urrere & Knauer 1981 , Tanoue 1985a , b, Tanoue & Hara 1986 , Small & Ellis 1992 .
Phytoplankton blooms, particularly in temperate regions, often result in high sedimentation of intact cells and zooplankton fecal pellets (review in Legendre 1990 ). Penry & Frost (1991) hypothesized that fecal pellets produced early in a bloom may have a greater amount of labile organic materials in comparison with pellets produced late in a bloom. However, despite the wealth of studies on copepod fecal pellets, there has been no systematic study examining the role of changing food conditions during a phytoplankton bloom on the production rates and characteristics of copepod fecal pellets. In this study we contrasted the pellet production rates, and pellet characteristics (volume, density, carbon and nitrogen content) of the copepod Acartia tonsa under laboratory-simulated conditions typical of an early and a late phytoplankton bloom. From these mea.surements we draw conclusions as to the importance of copepod fecal pellets as agents of carbon export throughout the development of a phytoplankton bloom in a temperate area.
MATERIALS AND METHODS
All experiments were run in a walk-in environmental chamber at 16 & l "C on a 12:12 h 1ight:dark cycle. Experiments were run when the food medium fed to the copepods was in exponential or stationary growth phases to simulate early-and late-phytoplanktonbloom conditions. In the first type of experiment [referred to as the pellet production (PP) experiment], pellet production rates and pellet volumes were measured as a function of food concentration (Table l ) . In the second type of experiment [referred to as the largescale pellet collection (LSPC) experiment], copepods were fed either high or low phytoplankton concentrations and the density (specific gravity) and carbon and nitrogen content of the fecal pellet produced were measured (Table 1) .
Phytoplankton cultures. Cultures of the diatom Thalassiosira weissflogii (13 pm equivalent spherical diameter, ESD) were used in all experiments. Cultures, bubbled with air, were maintained in 10 1 polycarbonate carboys (PP Expts 2 & 3 and all LSPC Expts) and 0.5 1 Erlenmeyer flasks (PP Expt 1) containing f/2 medium (Guillard 1975 ). Nutrients were not added after initial inoculation. One carboy was set u.p per experiment.
Cultures were kept in the walk-in environmental chamber described above. Light intensity was nominally 120 PE m-2 S-'. Particle concentrations (subtriplicates) were measured with an Elzone 280 particle counter. Chlorophyll concentration was measured (subtriplicates) with a Turner Designs fluorometer. Particle and chlorophyll concentration were measured daily in PP Expts 2 & 3 and all LSPC Expts. CHN measurements were also made at least every other day using a Control Equipment, Model 240HA CHN ana- Table 1 Thalassiosira weissflogii. Growth rate, chlorophyll (chl), carbon and nitrogen content per cell, and C/N ratio durlng experiments. Growth rates were estimated, assuming exponential growth, from the change in particle number in the culture during the 24 h previous to the experiment. Carbon and nitrogen per cell data are from duplicate measurements of the stock culture used to make the dilutions used in the experiments. Chlorophyll measurements of each d~lution were made in tr~plicate, and the chl cell-' is reported as the mean. -: no data (see 'Materials and methods') Expt Growth pg chl pg 5 pg
Pellet production experiments (PP) J a n 4 l a (41" 19' N, 72" 4' W) were used in all experiments. Specimens were collected with 202 pm mesh nets fitted with a solid cod-end to minimize damage to the specimens. Immediately after capture, copepods were placed in a bucket with surface water and transported back to the laboratory where they were anesthetized with MS-222 (0.58 g I-') and sorted using a dissecting microscope. The concentration of the anesthetic is the lowest dose at which female A. tonsa are effectively immobilized without any apparent negative effects afterwards (Durbin et al. 1990 ). Copepods were allowed to recover overnight before they were used in any experiments. After recovering, copepods did not display any unusual swimming behaviors, and only those females that appeared healthy and had all appendages intact were used in experiments.
Pellet production experiments. Approximately 70 adult females were selected and placed in an aerated beaker containing filtered sea water. Approximately 100 cells ml-' of Thalassiosira weissflogii were added to the water. The next morning, about 21 h later, females were gently wet-sieved through a 64 pm Nytex mesh and divided into 7 groups (see below). Dilutions of algae were made by mixing a portion of the batch culture with 0.2 pm filtered sea water. Experiments were run during exponential and stationary growth phases (Table 1) . When rapidly growing algae were used in an experiment, the nutrients used to make f/2 medium were added to the dilutions to ensure the algae would not be nutrient limited.
The 7 groups of females were placed for 2 h in 1 1 acclimation beakers each containing a different concentration of algae ranging from 0 to 1500 cells ml-' (PP Expt 1) or 0 to 3200 cells ml-' (PP Expts 2 & 3). Individual females from each group were placed in 1000 rnl (PP Expt 1) or 500 m1 (PP Expts 2 & 3) polycarbonate bottles (4 replicates in PP Expt 1, 6 replicates in PP Expts 2 & 3) filled with food suspension of the same concentration used during acclimation. Bottles were placed on a plankton wheel rotating at 2 rpm for 24 h.
After this, bottles were removed from the wheel, and the time and the condition of the copepods were noted. Bottles with dead copepods were not used in the analysis. The contents of each bottle were gently sieved through a 30 pm Nytex mesh to retain the females and fecal pellets. Contents of the bottles were preserved in 4 %, formalin.
At a later date, prosome length and maximum width of females were measured using a dissecting microscope and an image analysis system (Olympus Cue-2, with Panasonic WV-CV50 camera). Copepod prosome volume was estimated assuming a cylindrical shape. Pellets were counted and pellet production rates were determined. The length and width of 30 pellets were measured. If there were less than 30 pellets per bottle, all were measured. The volume of pellets was estimated assuming a cylindrical shape. Pellet production rate and average volume per pellet were plotted versus algal concentration. An Ivlev equation was used to fit these data:
= maximum pellet production rate, VOL,,,,, = maximum average estimated volume per pellet, C = food concentration (cells ml-l), a = rate at which PPR,,, or VOL,,, is approached. This model was fitted using the Marquardt estimate as computed by Statgraphics (Statgraphics User's Guide 1986).
Large-scale pellet collection experiments. Two groups of approximately 300 females each were placed in 4 l beakers containing aerated 0.2 pm filtered sea water. Enough Thalassiosjra weissflogii cells to bring the concentration of the filtered sea water to approximately 200 cells ml-' were added to each beaker. About halfway through the 12 h acclimation period, enough algae to bring one of the acclimation chambers to approximately 2000 cells ml-' were added, creating 2 different treatments, a high and a low food concentration. At the end of the acclimation period, females from each group were gently rinsed onto a wet sieve and transferred to a 20 1 plastic bucket filled with the same concentration of the food suspension used during the last 6 h of acclimation. In each bucket a screen fitted with a 30 pm mesh had been placed at the bottom and on top of this screen another one fitted with 202 pm mesh. The bottom screen collected fecal pellets while the top screen separated females from the pellets. In all cases the experiments started at approximately 04:OO h and terminated at 08:OO h (part of the dark period), which has been reported to be a time of relatively high ingestion rates for this species (Stearns 1986 , Durbin et al. 1990 ). This time frame was chosen in an effort to obtain the maximum number of pellets in the shortest time, thereby reducing microbial effects due to long incubation periods (Honjo & Roman 1978 , Turner 1979 . At the end of incubation, the copepods Each experiment had 2 treatments, a high food conwere removed from each pellet collector by gently liftcentration and a low food concentration. Other statistiing the 202 pm mesh insert. Several copepods were cal analyses were also conducted including a 2-way saved and preserved for later examination. Pellets ANOVA (Sokal & Rohlf 1981) to determine whether were then removed by gently lifting the 30 pm mesh food concentration or food quality had more of an insert. No quantitative recovery of pellets was neceseffect on the density of pellets. sary for the purposes of this experiment. The pellets Using the densities determined from the gradients were split into 2 fractions, one for density determinaand the volumes estimated from length and width tion and the other for CHN analysis. The fraction to be measurements, sinking rates were calculated using a chemically analyzed was immediately frozen in a 25 m1 variation of Stoke's law (Komar et al. 1981 ): scintillation vial.
Pellet density. Fecal pellet density was measured in 1 2 L/D)-1.664
) a density gradient using a modification of the method of Schwinghamer et al. (1991) . Using NALC01060 colwhere W, = sinking velocity (cm S-'), v = viscosity of loidal silica, sucrose, and distilled water, 6 dilutions sea water (g cm-' S-'), g = acceleration due to gravity ranging in density from about 1.04 to 1.39 g cm-3 were (981 cm s2), L = length of pellet (cm), D = diameter of made. Dilutions were brought to a pH of approxipellet (cm), p = density (g cm-3). Calculated sinking mately 8.0 using Tris-HC1 and Tris-base. A 2 m1 volrates of pellets produced under different treatments ume of each dilution was poured into a 15 m1 cenwere compared using a 2-way ANOVA where the 2 trifuge tube beginning with the most dense and factors influencing the response variable, sinking rate, finishing with the least dense. These density gradients were food quality and food concentration. were allowed to sit overnight. Fresh pellets collected at Carbon and nitrogen content of pellets. Pellets for about 08:OO h from the pellet collectors were examined CHN analysis were thawed out and rinsed with filtered under a dissecting microscope and rinsed several times sea water. Using a micropipette, approximately 300 in filtered sea water. Using a micropipette, pellets pellets were isolated and rinsed onto a combusted were picked individually and placed in about 1 m1 of GF/C filter. The filter was placed in a petri dish and filtered sea water. They were then gently placed on top dried for a minimum of 48 h at 60°C. No more than 3 h of the density gradients. Three subreplicates of 50 pelelapsed between pellets being thawed and filters lets for each algal concentration were set up. The 6 being placed in the drying oven. Carbon and nitrogen centrifuge tubes were then placed in a Fisher Scientific content of the fecal pellets, corrected for filter blank, table-top centrifuge for 30 rnin at approximately were measured with a Control CHN analyzer (Control 3000 rpm. After centrifugation, 2 m1 aliquots were reEquipment, Model 240HA). moved from each tube, beginning wi.th the most dense layer, using a peristaltic pump and a micropipette that was carefully inserted to the bottom of the centrifuge tube. Each aliquot was then carefully weighed in a Fisher Scientific, A-160 balance to 0.10 mg and a more precise volume determined using a 5 m1 Hamilton syringe calibrated to 0.10 ml. The average density of each aliquot was calculated by dividing the mass by the volume.
These aliquots were then each examined under a dissecting microscope.
were Table 2 . Thalassiosira weissflogjj. Summary of Ivlev model fits to the pelcounted and their lengths and widths mealet production data. PPR,,, = maximum pellet production rate (pellets
RESULTS
Pellet production rates Mann-Whitney U-tests (Sokal & Rohlf 1981) were used to compare average estimates of volumes and densities between treatments. Two sets of experiments were conducted. Each set consisted of an experiment where copepods were fed rapidly growing algae and an experiment where copepods were fed slowly growing algae. were measured. p and C/N refer to the cell culture fed to the copepods production rates and a-values, the rates at which maxima are approached, are shown in Table 2 in which 'a' trend holds whether food concentration is expressed in and 'b' designate experiments in which rapidly growterms of cells, C or N ml-l. ing algae with lower C/N ratio and slowly growing
The relationship of pellet volume vs cell concentraalgae with relatively high C/N ratio, respectively, were tion is illustrated in Fig. 2 . Female Acartia tonsa used (Table 1 ). The former experiments represent tended to produce pellets with higher maximum volconditions likely to be found early in a bloom while the ume when fed late-bloom cells (Table 3) . latter represent conditions later in a bloom. Examination of Table 2 and Fig. 1 generally shows that maximum pellet production rates tend to be higher when copepods were fed tions. This trend is followed in all 3 experiments. However, the rates at which maximum pellet production rates were approached (a) were higher when copepods were fed cells representative of late-bloom conditions. Saturation concentrations (here defined as food concentration at which PPR is within 95% of PPR,,,) were lower when copepods were fed late-bloom cells. This 
Pellet density
Analysis of pellets from the large-scale pellet collection experiments suggest that copepods fed earlybloom cells produced slightly denser pellets than those fed late-bloom cells (Fig. 3) . Food concentration did not appear to have as great an effect on pellet density as food quality.
To examine how food concentration affected pellet density, we pooled all pellets produced from low concentration treatments and compared them to all pellets produced at high food concentrations. The average densities of these 2 groups, 1.15 and 1.16 g cm-3, were not significantly different (Fig. 3) . The same exercise was repeated to examine how food quality affects pellet density. Pooling all pellets produced in LSPC Expts 1 & 3 (early-bloom algae, mean p = 1.17 g cm-3) and comparing them to all pellets produced in Expts 2 & 4 (late-bloom algae, mean p = 1.14 g cm-3) shows that pellets from LSPC Expts 1 & 3 were significantly denser than pellets from LSPC Expts 2 & 4 (MannWhitney U-test, p < 0.05) (Fig. 3) . A 2-way ANOVA verified that food quality (early-bloom vs late-bloom condition) had a significant effect on pellet density (p < 0.05) but that neither food concentration nor the interaction of food concentration and food quality had an effect on pellet density (p > 0.05). 
Density (g cm-3)

Pellet volume
Analysis of pellets collected during the large-scale pellet collection experiments indicates that when specimens were fed early-bloom cells (LSPC Expts 1 & 3 in Fig. 4) , they produced pellets of lower volume at low than at high cell concentrations (Mann-Whitney Utest, p < 0.05). When copepods were fed late-bloom cells (LSPC Expts 2 & 4), the effect of cell concentration was not as clear. In LSPC Expt 2, pellet volumes were barely smaller at low than at high cell concentration (Mann-Whitney U-test, p = 0.04). On the other hand, in LSPC Expt 4, pellet volumes were greater at low than at high cell concentrations (Mann-Whitney U-test, p < 0.05). These results from LSPC Expt 4 are inconsistent with those obtained during LSPC Expt 2 and the pellet production experiments (e.g. Fig. 2) . A 2-way ANOVA (after log transformation to normalize the data) suggested that the interaction of cell quality and concentration on pellet volume may be important (p = 0.06).
Sinking rates
Sinking rates calculated using Stoke's law ranged from 9.1 to 21.4 m d-' (Table 4) . Sinking rates were highest when copepods were fed high concentrations of early-bloom cells. Examination of Eq. (3) indicates that factors that result in increases in primarily pellet size and secondarily pellet density will accelerate sinking rates. Thus, it is apparent here that sinking rates follow the same trend as pellet volume, but not necessarily pellet density. Large pellets were produced at high cell concentrations, and these pellets have the highest sinking rates. The smallest pellets produced at low concentrations of early-bloom cells have the lowest sinking rates despite their relatively high densities. The amount of fecal matter produced by a copepod is a function of its pellet production rate and the size of the pellets. Total fecal matter index, @, is defined as: where V, = total volume of fecal material produced by copepod d-' (pellet production rate X average pellet volume), p, = density of pellets, and V, = volume of copepod (estimated from maximum length and width measurements of the prosome assuming a cylindrical shape). The pellet densities used in the calculation were averages measured in the large-scale pellet collections. A density of 1.17 g cm-3 was used when copepods fed on early-bloom cells and 1.14 g cm-3 when copepods fed on late-bloom cells. Maximum Q tended to be greater when food fed to copepods was representative of early-bloom conditions compared to latebloom conditions (Fig. 5) . This trend was observed in all 3 experiments (Table 5) .
Carbon and nitrogen content of pellets
Carbon and nitrogen content of pellets were not conclusive since nitrogen concentrations were below detection levels in some cases. We observed consistently higher volume-specific fecal carbon in the more densely packed pellets from LSPC Expts 1 & 3 (rapidly growing cells) compared to the less dense pellets from LSPC Expts 2 & 4 (slowly growing cells, Table 6 ). The C/N ratio of pellets tended to be lower (-4) during early-bloom conditions compared to latebloom conditions (-?). Table 2 PP Expt Date TFM,,,,, (SE) a ( . .
DISCUSSION
Our experiments suggest that pellets change in a significant and predictable manner as food availability and food type change. In general, when copepods are fed algae of high quality (relatively higher growth rate, I., and lower C/N ratio) they tend to produce a greater number of smaller, more dense pellets with greater volume-specific carbon content. When copepods are fed low-quality food they tend to produce fewer, larger, less dense pellets with lower volume-specific carbon content. Food concentration does not appear to affect pellet density, yet it does affect pellet volume and pellet production rate. Pellets tend to be fewer and smaller when copepods are fed low concentrations of algae compared to when they are fed high concentrations of algae, with the effect on pellet volume being more pronounced when algae are of high quality. These results are consistent with those of other workers. For example, Dagg & Walser (1986) found that at algal concentrations of 129 to 181 cells ml-' copepods exhibited full guts. Above this concentration, maximum-sized pellets were produced. These data are similar to ours where we found that maximum fecal pellet volumes were achieved at cell concentrations between 129 and 178 cells ml-l. Corner et al. (1972) and Paffenhofer & Knowles (1979) found functional response curves similar to ours when they plotted pellet production rate vs food concentration. Paffenhofer & Knowles (1979) found maximum pellet production rates between 30 and 200 pellets d -' while the rates we observed were between 10 and 150 pellets d-l. Corner et al. (1972) ' (1979) study and our study show a high variation in maximum pellet production rates. Ayukai & Nishizawa (1986) also measured pellet production rates within our range. In addition, they calculated fecal material produced in terms of total volume and found these to be approximately twice those measured in this study.
However, they studied Calanus pacificus pacificus, a copepod considerably larger than Acartia tonsa. They also found an increase in pellet production rate and total volume of fecal material produced as algal concentration increased. We also found a curvilinear increase in total fecal matter produced as algal concentration was increased (Fig. 5) . In addition, a unique aspect of our study is that we observed a trend where greater total amounts of fecal matter were produced when algae fed to copepods were of higher quality compared to when algae were of lower quality (Fig. 5) .
Volume-specific pellet carbon was greater when copepods were fed algae of higher quality. When copepods were fed lower-quality algae they produced pellets with lower volume-specific pellet carbon. The group of pellets we found to be more dense, i.e. those produced when copepods were fed algae of higher quality, also had greater volume specific-pellet carbon compared to pellets produced by copepods fed lowerquality algae. Our pellet carbon measurements were within the range presented by Morales (1987) reviewing measurements from several different studies. In addition, pellet C/N ratios we obtained were comparable to those found by Morales (1987) . Our data support Morales' (1987) conclusion that food concentration does not affect the C/N ratio of pellets. However, food quality does appear to have an influence on the C/N ratio of pellets. During early-bloom conditions the pellet C/N (-4) approximates the C/N ratio of copepod tissue. During late-bloom conditions pellet C/N is higher (-?), suggesting that copepods must preferentially conserve nitrogen in order to maintain the C/N ratio required for their body tissue (Small et al. 1983 ).
Simulation of a bloom Our algal cultures did not ever become severely nitrogen-limited, and in several cases the nitrogen per cell was actually greater in the 'nutrient-depleted' experiment. This might be explained by the cell's slight increase in size or by its tendency to store nitrogen intracellularly as outside supply of nitrogen decreases (Dortch et al. 1985) . More likely, the cultures were silica-limited. If this were the case, the increase in the C/N ratio might be explained by the relatively large increase in carbon per cell as oils are stored in deposits which is typical of silica-starved cells (Shifrin & Chisholm 1981) . This would explain the increase in C/N ratio as the culture aged. Cultures used in experiments, which were meant to simulate a bloom in nature, had C/N ratios which did not vary between experiments as much as we had hoped. However, blooms in nature may span a range of algal quality, as defined by C/N ratio, similar to the range we were able to simulate in the laboratory (Sakshaug & Olsen 1986 ).
The algae in the late-bloom experiments were more nutrient-depleted than the algae used in the experiments simulating early-bloom conditions. This is reflected in all of the growth rate estimates as well as in the C/N ratios.
Ecological implications
Data from the pellet production experiments and large-scale pellet collection experiments suggest that the progress of a bloom appears to affect fecal pellets. Early in a bloom, nutrient-replete algae are available for copepods to eat. Copepods tend to produce comparatively small, but more densely packed fecal pellets when they have a relatively low concentration of highquality food. Perhaps these pellets, which have comparatively low sinking rates (Table 4) , are important in recycling nutrients in the surface waters. Microbes and other larger animals are more likely to feed on small, slowly sinking pellets in the warmer surface waters (Honjo & Roman 1978 , Turner 1979 , Lampitt et al. 1990 . These pellets degrade and release nutrients into surface waters contributing to the maintenance of the bloom. Later, when algal concentrations increase, the largest, most dense pellets are produced. These pellets are most likely to transport nutrients rapidly from the euphotic zone due to their relatively short residence time in the euphotic zone. Eventually a bloom progresses into a dense population of slowly growing phytoplankton. During these latebloom conditions, fecal pellets continue to have relatively high sinking rates due to their comparatively large volumes (Table 4) . These larger, although slightly less dense, pellets may also play an important role in removing materials from the surface layers, possibly contributing to the end of a bloonl. Fig. 6 shows an idealized phytoplankton bloom and the relative size and density of fecal pellets that may occur when algae of different quantity and quality are present.
Although sinking phytoplankton may contribute more to the end of a bloom than sinking zooplankton fecal pellets in certain geographical regions, it must be noted that since algal cells may pass through copepod guts nearly intact (Bathmann & Liebezeit 1986 , Adrian 1987 , algal aggregates may be indistinguishable from unraveling fecal pellets. We suggest that with the approach of a bloom's end, the conditions are favorable for the production of large, although comparatively less dense, relatively rapidly sinking pellets. Alone, or in the form of aggregates with senescent, possibly more sticky, algal cells (Kinrboe et al. 1990 ), they may contribute to a greater flux of materials from the photic zone and play an important role in benthic/pelagic coupling. In addition to changes in fecal pellet characteristics, copepod populations also change. Based on the classical increase in copepod population during a bloom, the amount of fecal material contributing to the vertical flux may increase by an order of magnitude from the beginning to the end of the bloom (Table 7 ) . Even though more fecal carbon per copepod is produced early in a bloom, the increase in copepod abundance may have a great influence on the amount of fecal carbon contributing to the overall vertical flux. Table 7 Thalassiosira wejssflogii. Estimated fecal pellet contribution to carbon flux under early-bloom and late-bloom conditions. Factors 1, 3, and 4 are averages determined from this study. Factor 2 represents typical daily concentratlons of female Acartia tonsa during the fall bloom in Long Island Sound, New York, USA (Dam 1989) . These calculations were In conclusion, our research shows that over the course of a simulated phytoplankton bloom, pellet production rates and several pellet characteristics change in a predictable manner. These changes may have a great impact on the amount of fecal material contributing to the downward flux of carbon in the oceans.
